Introduction
Many enzymes use translocation processes 1 (ligand and metal) to initiate fascinating biological protocols. Likewise, shifting subcomponents in either supramolecular 2 or molecular 3 structures has been ingeniously utilised in fascinating abiological devices. 4, 5 To control reversible motion in multistable devices by switching, the binding of the movable part (K assoc ) has to favour a particular site over the other depending on the given input, such as chemicals, 6 redox equivalents 7 or light. 8 As reported by Sauvage and coworkers, 9 changing the oxidation state of copper from +I to +II leads to an altered coordination preference: the copper(I) ion prefers tetracoordination, while the copper(II) ion is best accommodated in a penta-or hexacoordination. Remodeling this principle, we present here the reversible shipping of cargo between two different sites on a scaffold by applying electrochemical stimuli ( Fig. 1 ). Our design of reversible cargo shipping relies on two heteroleptic binding algorithms developed in our group, i.e. the HETPHEN and HETTAP concepts, 10 instead of using topological constraints, as is amply done in rotaxanes and catenanes. 11 Our concepts are based on the use of a bulky 2,9-diaryl substituted phenanthroline (PhenAr 2 ), e. will afford quantitatively the heteroleptic complex. For the present study, structural aspects known from the HETTAP and HETPHEN protocols guided our design of the new terpyridine 5 that is sterically shielded by aryl groups (TerpyAr 2 ). The shielding does not prevent, but slows down formation of the homoleptic complex [M(TerpyAr 2 ) 2 ] n+ thus favouring heteroleptic complexation. The new scaffold 2 arises by attaching the binding motifs of both PhenAr 2 and TerpyAr 2 sites to a zinc(II) porphyrin core. Depending on the oxidation state of the copper ions a switch in the self-sorting 13 should lead to cargo shuffling (cargo = copper + ligand 4) between the PhenAr 2 and TerpyAr 2 stations on the scaffold ( Fig. 1 ). As such, our example is a very rare case of redox initiated self-sorting 14 in solution. 
Results and discussion

Synthesis
The new compounds 2 and 5 (Scheme 1) were prepared via established protocols. First, 2,4,6-trimethylphenylboronic acid was treated with 2,6-dibromopyridine via Suzuki coupling to furnish compound 6, which was reacted further on with 2-(2,4,6-trimethylphenyl)- [1, 10] -phenanthroline to afford ligand 5.
For the preparation of scaffold 2 with two different kinds of stations, pyridine 6 was subjected to a bromo/lithium exchange and then reacted with [1, 10] -phenanthroline to afford the terpyridine-analog 7. A follow-up reaction with 1,4-diiododurene/n-BuLi furnished 8 serving as the direct precursor for the preparation of scaffold 2. To finalise the synthesis, zinc(II)-5,15-bis(4-iodophenyl) -10,20-bis(4-trimethylsilylethynylphenyl) porphyrin was first treated with the known shielded phenanthroline 9 12d in presence of Pd(PPh 3 ) 4 to afford 10, which after deprotection of the trimethylsilyl groups furnished 11. In the final step, 11 was reacted with ligand 8 in a second Sonogashira coupling to provide the desired target 2 (Scheme 1). Scaffold 2 was easily and fully characterised by spectroscopic means.
Complexation properties of 5
Insight into the binding properties of 5 was received by reacting 0. H NMR spectra of (a) 5 in CD 2 Cl 2 , (b) toward the phenanthroline unit in a square pyramidal rather than trigonal bipyramidal geometry presumably due to the strong pyridyl→Cu binding (Cu⋯N1 = 2.27 Å). The latter interaction draws the two mesityl groups of 5 toward each other and leaves little space for ligand 4. Upon irreversible reduction of the freshly prepared [Cu(4)(5)] 2+ at E pc = 245 mV a follow-up reaction occurs that is visible in the reverse anodic scan: the broad waves at E pa = 538 & 720 mV may be assigned to the oxidation of a mixture of homo-and heteroleptic complexes (alike the complex mixture from 4, 5 and Cu + , vide supra).
Chart 2 Cartoon representations of compound 5 and the three isomers (iso-I, iso-II & iso-III) of the homoleptic complex [Cu (5) H NMR (Fig. 5 ) reveals that protons 9-H are upfield shifted from 6.94 to 6.00 ppm while protons 15′-H remain unchanged at 6.97 ppm (as in compound 2). Other protons of the PhenAr 2 stations also undergo major shifts due to formation of the heteroleptic complex while protons of the TerpyAr 2 units remain unchanged (see Table S3 †). Formation of the complex is ascertained by a peak at 1565.1 Da in the ESI mass spectrum (Fig. S40, ESI † 
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This journal is © The Royal Society of Chemistry 2014 (Fig. 6 , right) that is characteristic for a pentacoordinated copper(II) complex (inverse HETTAP complex). On the reverse scan, the oxidation of the reduced species displays an irreversible peak at E pa = 786 mV that is characteristic for oxidation of a copper(I/II) HETPHEN complex (unfortunately, the peak is merged with the first reversible oxidation peak of the zinc(II) porphyrin unit with E pa = 830 mV and E 1/2 = 790 mV). Shifting the cathodic switching potential towards negative potential (by ΔE 1 = −100 mV) and thus increasing the time for rearrangement increases the anodic current (i pa ) at E pa = 786 mV (see ESI †) clearly arguing for ligand translocation from the TerpyAr 2 to PhenAr 2 stations upon reduction of Cu 2+ to Cu + .
Anodic peak current (i pa ) enhancement at E pa = 786 mV is also observed when using a 5 s delay at the first switching potential (E 1 = −100 mV). Moreover, both peaks show hardly any reversible behaviour in the scan rate range (50 to 1000 mV s −1 ). (Fig. 1) . The CV behaviour can be understood as an EC process. Electron transfer is followed by fast translocation of both metal ion and ligand between the two different stations. Simulation of the mechanism by DigiSim® was possible using a simplified scheme. Due to the fact that the rate constants for both cargo transport processes are hidden in each individual CV trace, one is able to even cross-check the data. Accordingly, the best agreement for Cu (Fig. S48 , ESI †), suggesting that dissociation is rate-limiting. A plausible mechanism for shipping is thus the rate-determining release of the labilised metal ions (after oxidation/reduction) on the subsecond time scale along with their phenanthroline cargo from a particular station followed by fast reassociation at the other station (a bimolecular process), which can be either intra-or intersupramolecular.
Conclusion
In conclusion, we have shown that two heteroleptic complexes can be interconverted by changing the oxidation state of the copper ions. Using this redox-triggered self-sorting, cargo (ligand 4 and copper) may be shipped reversibly between two different stations (PhenAr 2 and TerpyAr 2 ) on platform 2. If the redox state at copper is +I, ligand 4 occupies quantitatively the PhenAr 2 stations, whereas for copper(II), the TerpyAr 2 stations are engaged with the cargo molecules. Electrochemical oxidation and reduction leads to reversible shipping of the cargo between the two different stations. Concentration-dependent CV studies advocate that dissociation of the cargo from the scaffold is the rate determining step.
Experimental procedure
Commercial reagents were used without further purification. Solvents were dried with appropriate desiccants and distilled prior to use. 1 H and 13 C NMR spectra were recorded at 400 MHz or 600 MHz using a deuterated solvent as the lock and residual protiated solvent as internal reference. The following abbreviations are utilised to describe NMR peak patterns: s = singlet, d = doublet, t = triplet, dd = doublet of doublets. The following abbreviations are used to describe peak patterns of IR spectra: s = sharp, m = medium, w = weak. The numbering of the carbon skeleton in molecular formulae as shown in the manuscript does not comply with the IUPAC nomenclature rules; it is only used for assignments of NMR signals. Electrospray ionisation (ESI) mass spectra were recorded on a Thermo-Quest LCQ deca. Melting points were measured on a Büchi SMP-20 and are uncorrected. Infrared spectra were recorded on a Varian 1000 FT-IR instrument. Elemental analysis measurements were made using the EA 3000 CHNS. Cyclic voltammetry (CV) was measured on a Parstat 2273. CV of millimolar solutions was carried out in dry CH 2 Cl 2 (2.0 mL) with 0.1 M n-Bu 4 NPF 6 as electrolyte against a Ag wire as a quasi-reference electrode and triphenylpyrylium tetrafluoroborate (TPP) as internal standard. All CV spectra are calibrated against the standard calomel electrode (SCE).
2-(2,4,6-Trimethylphenyl)-6-bromopyridine (6) 2,6-Dibromopyridine (2.16 g, 9.12 mmol), 2,4,6-trimethylphenylboronic acid (1.60 g, 6.10 mmol) and Pd(PPh 3 ) 4 (70.0 mg, 60.6 µmol) were dissolved in a degassed solution of MeOH (40 mL), THF (100 mL) and aqueous K 2 CO 3 (2 M, 30 mL), then the solution was refluxed for 12 h at 90°C. The solvent was evaporated and the residue redissolved in DCM. The organic phase was washed with water thrice and then dried over anhydrous Na 2 SO 4 . The product was further purified by column chromatography (SiO 2 , hexane-EtOAc = 9 : 1, R f = 0. 1, 21.0, 123.7, 125.9, 128.3, 135.6, 136.2, 137.9, 138.5, 141.7, 161.1 ppm. IR (KBr): ν = 3944, 3690, 3055, 2986 , 2306 , 1571 , 1425 , 1265 To a solution of 6 (841 mg, 3.05 mmol) in dry diethyl ether (80 mL), 2.5 M n-BuLi (1.22 mL, 3.05 mmol) in hexane was added dropwise at −78°C under N 2 atmosphere over a period of 15 min. The reaction mixture was stirred at −40°C for 2 h, then 2-(2,4,6-trimethylphenyl)- [1, 10] -phenanthroline (605 mg, 2.03 mmol) was added under N 2 atmosphere. The solution turned immediately dark violet. After stirring for another 12 h at room temperature, saturated aqueous NH 4 Cl (100 mL) was added. The reaction slurry was stirred for 1 h, then the solution was extracted with DCM (3 × 100 mL). After drying over anhydrous Na 2 SO 4 , the solvent was removed. The solid orange residue was dissolved in DCM (100 mL) and treated with MnO 2 (2.65 g, 30.5 mmol). After stirring for 12 h at room temperature, the solution was filtered through a pad of celite. The solvent was evaporated to dryness. Finally, the compound was purified by column chromatography (SiO 2 , hexane-ethyl acetate = 9 : 1, R f = 0.4). Yield: 54%, mp: 236°C. 1 H NMR NMR (CD 2 Cl 2 , 100 MHz): δ = 19.6, 20.7, 20.9, 21.7, 118.4, 118.8, 118.9, 127.6, 130.5, 130.8, 130.9, 131.1, 131.2, 131.7, 132.4, 132.7, 134.8, 135.6, 136.0, 136.5, 137.4, 138.9, 139.2, 142.5, 149.4, 149.7, 149.9, 160.2, 160.8 ppm. IR (KBr): ν = 3001, 2943 , 2913 , 1583 , 1541 , 1477 , 1374 , 1355 , 1158 , 1134 84.54; H, 6.36; N, 8.45. Found: C, 84.46; H, 6.15; N, 4, pyrid-2-yl)- [1, 10] phenanthroline (7) Under N 2 atmosphere, 2.5 M n-BuLi (1.45 mL, 3.62 mmol) in hexane was added dropwise to a solution of 6 (1.00 g, 3.62 mmol) in dry diethyl ether (80 mL) at −78°C over a period of 15 min. The reaction mixture was stirred at −40°C for 2 h, then [1, 10] -phenanthroline (489 mg, 2.72 mmol) was added under N 2 atmosphere. The solution turning immediately to a dark violet was stirred for another 12 h at room temperature. Saturated aqueous NH 4 Cl (100 mL) was then added and the reaction slurry was stirred for 1 h. Thereafter, the solution was extracted with DCM (3 × 100 mL). After drying over anhydrous Na 2 SO 4 , the solvent was removed. The solid orange residue was dissolved in DCM (100 mL) and treated with MnO 2 (3.15 g, 36.2 mmol). After stirring for 12 h at room temperature, the solution was filtered through a pad of celite. The solvent was evaporated to dryness. Finally, the compound was purified by column chromatography (SiO 2 , DCM-ethyl acetate = 1 : 3, R f = 0.25). Yield: 61%, mp: 165°C. 1 H NMR (CD 2 Cl 2 , 2-(6-(2,4,6-Trimethylphenyl)pyrid-2-yl)-9- (4-iodo-2,3,5,6-tetramethylphenyl) - [1, 10] -phenanthroline (8)
Over a period of 15 min, 2.5 M n-BuLi (0.800 mL, 2.00 mmol) in hexane was added dropwise at −78°C under N 2 atmosphere to a solution of 1,4-diiodo-2,3,5,6-tetramethylbenzene (770 mg, 2.00 mmol) in dry diethyl ether (80 mL). The reaction mixture was stirred at −40°C for 2 h, then 7 (500 mg, 1.33 mmol) was added under N 2 atmosphere. The solution turning immediately to dark violet was stirred for another 12 h at room temperature. Saturated aqueous NH 4 Cl (100 mL) was then added and the reaction slurry was stirred for 1 h. Thereafter, the solution was extracted with DCM (3 × 100 mL). After drying over anhydrous Na 2 SO 4 , the solvent was removed. The solid orange residue, redissolved in DCM (100 mL), was treated with MnO 2 (1.72 g, 20.0 mmol) for 12 h at room temperature. After passing the solution through a pad of celite, the solvent was removed. Finally, the compound was purified by column chromatography (SiO 2 , DCM-ethyl acetate = 70 : 30, R f = 0.4).
(CD 2 Cl 2 , 100 MHz): δ = 19.3, 20.7, 21.6, 21.9, 118.6, 124.6, 124.9, 127.6, 129.7, 130.5, 130.8, 130.9, 132.4, 132.9, 134.5, 135.1, 135.9, 136.2, 136.9, 137.4, 137.6, 138.5, 141.3, 142.3, 143.5, 146.1, 146.1, 160.3, 160.9 ppm. IR (KBr): ν = 2956 , 2916 , 1565 , 1521 , 1454 , 1354 , 1324 , 1158 , 1126 62.62; H, 6.76; N, 3.91. Found: C, 62.46; H, 6.45; N, 3.82 .
Zinc(II) porphyrin 10
Zinc(II)-5,15-bis(4-iodophenyl)-10,20-bis(4-trimethylsilylethynylphenyl)porphyrin (250 mg, 223 μmol) and phenanthroline 9 (203 mg, 446 µmol) were placed in a round-bottomed flask. Then, Pd(PPh 3 ) 4 (25.7 mg, 22.3 μmol) , dry NEt 3 (10 mL) and dry DMF (30 mL) were added under N 2 atmosphere. The reaction mixture was allowed to stir at 90°C for 12 h. Then, it was evaporated to dryness, dissolved in DCM (50 mL), and washed with water (3 × 50 mL). After drying over anhydrous Na 2 SO 4 , the solvent was evaporated and the residue was purified by column chromatography (SiO 2 , hexane-EtOAc = 80 : 20, R f = 0.4). The compound was further purified by size exclusion chromatography over biobeads SX-3 isolating the first moving band in toluene. Yield: 58%, mp: >300°C. 1 H NMR (400 MHz, 0.1, 19.6, 20.5, 21.0, 27.6, 93.9, 94.0, 95.4, 95.5, 105.0, 111.8, 119.9, 120.6, 122.4, 124.8, 125.0, 126.1, 126.4, 127.2, 127.2, 128.4 (2C) , 130.2, 131.9, 132.0, 132.0, 132.6, 134.2, 135.7, 135.8, 136.0, 136.0, 137.5, 137.6, 141.4, 142.1, 142.8, 146.0, 149.8, 149.9, 149.9, 160.2, 160.8 ppm. IR (KBr): ν = 2947 , 2928 , 2815 , 2320 , 2343 , 1609 , 1556 , 1490 , 1416 , 1380 , 1356 , 1185 , 1099 , 1025 4, 20.7, 21.6, 27.4, 93.1, 94.0, 95.1, 95.6, 105.3, 111.1, 119.9, 120.6, 122.4, 124.8, 125.2, 126.7, 126.8, 127.2, 127.3, 128.6, 128.7, 130.5, 131.8, 132.1, 132.3, 132.6, 134.6, 135.8, 135.9, 136.2, 136.3, 137.6, 137.8, 141.4, 142.5, 142.8, 146.1, 149.8, 149.9, 150.1, 160.2, 160.8 ppm. IR (KBr): ν = 2998 , 2935 , 2820 , 2345 , 2323 , 1619 , 1565 , 1490 , 1397 , 1353 , 1189 , 1050 , 1025 80.48; H, 5.05; N, 6.53. Found: C, 80.67; H, 5.29; N, 6.32 .
Zinc(II) porphyrin 2
Zinc(II) porphyrin 11 (110 mg, 67.4 μmol) and phenanthroline 8 (85.5 mg, 135 µmol) were put into a round-bottomed flask. Then, Pd(PPh 3 ) 4 (15.6 mg, 13.5 μmol), dry NEt 3 (10 mL) and dry DMF (30 mL) were added to the reaction mixture under N 2 atmosphere. The reaction mixture was allowed to stir at 90°C for 12 h. The reaction mixture was evaporated to dryness, dissolved in DCM (50 mL), and washed with water (3 × 50 mL). After drying over anhydrous Na 2 SO 4 , the solvent was evaporated and the residue was purified by column chromatography (SiO 2 , DCM-MeOH = 99 : 1, R f = 0.1). The compound was further purified by size exclusion chromatography over biobeads SX-3 isolating the first moving band in toluene. Yield: 35%, mp: >300°C. 1 H NMR (400 MHz, CD 2 Cl 2 ): δ = 2.00 (s, 12 CD 2 Cl 2 ): δ = 20.0, 20.1, 20.6, 20.8, 21.5, 21.6, 28.0, 28.1, 94.4, 94.6, 97.2, 97.4, 112.5, 112.7, 120.2, 120.3, 120.9, 121.0, 122.7, 123.4, 124.0, 124.4, 124.9, 125.2, 126.3, 126.6, 126.9 (2C) , 127.0, 127.5, 127.6, 127.6, 128.8 (2C) , 129.1, 129.2, 130.7, 132.4, 133.1 (2C) , 134.7, 136.1, 136.2, 136.4, 136.4, 136.5, 136.6, 136.8, 138.0, 138.3, 138.4, 138.6, 138.6, 139.1 (2C) , 141.5, 141.9, 141.9, 142.3, 142.3, 143.0, 146.4, 146.4, 146.6, 150.1, 150.1, 150.2, 150.6, 160.3, 160.9, 160.9 ppm. IR (KBr): ν = 2936 , 2916 , 2836 , 2380 , 2343 , 1619 , 1556 , 1490 , 1425 , 1356 , 1326 , 1165 19.2, 19.3, 20.2, 20.3, 121.9, 122.7, 126.5, 128.0 (2C) , 128.1 (2C), 128.3, 128.6, 128.9, 129.4, 130.0, 130.0, 134.0, 134.2, 134.8, 135.6, 135.9, 139.1, 139.2, 140.3, 140.3, 141.3, 141.4, 142.5, 149.4, 149.6, 151.1, 151.2, 161.2, 161.6 ppm. IR (KBr): ν = 3001, 2943 , 2913 , 1583 , 1541 , 1477 , 1374 , 1355 , 1158 , 1134 56.73; 3.79; N, 6.75; S, 6.18. Found: C, 56.47; 3.99; N, 6.58; S, 6.43. Heteroleptic complex [Cu(4) (5) 
